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A detailed spectroscopic analysis of the open cluster NGC 5460* 
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ABSTRACT 

Within the context of a large project aimed at studying early F-, A- and late B-type stars 
we present the abundance analysis of the photospheres of 21 members of the open cluster 
NGC 5460, an intermediate age cluster (logf~ 8.2) previously unstudied with spectroscopy. 
Our study is based on medium and high resolution spectra obtained with the FLAMES in- 
strument of the ESO/VLT. We show that cluster members have a nearly solar metallicity, and 
that there is evidence that the abundances of magnesium and iron are correlated with the ef- 
fective temperature, exhibiting a maximum around 7^=10500 K. No correlations are found 
between abundances and projected equatorial velocity, except for marginal evidence of bar- 
ium being more abundant in slower than in faster rotating stars. We discovered two He-weak 
stars, and a binary system where the hotter component is a HgMn star. We provide new esti- 
mates for the cluster distance (720 + 50pc), age (logf=8.2 + 0.1), and mean radial velocity 
(-17.9 ± 5.210ns" 1 ). 
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1 INTRODUCTION 

The photospheres of main sequence early F-, A- and late B-type 
stars display the signatures of different physical effects of compa- 
rable magnitudes, including large and relatively simple magnetic 
fields, strong surface convection, the presence of emission lines, 
pulsation, diffusion of chemical elements under the competing in- 
fluences of gravity and radiative acceleration, and various kinds of 
mixing processes, from small-scale turbulence to global circulation 
currents. Detailed studies of these stars are useful to explore and 
understand the physics of these various phenomena, most of which 
certainly play a role in the atmosphere of all the other kinds of stars 
across the Hertzsprung-Russell diagram, but are often more diffi- 
cult to observe. 

This work is a part of a large project aimed at setting con- 
straints to the diffusion theory, by means of a systematic study of 
the abundances of the chemical elements of early F-, A- and late B- 
type star that are cluster members. Cluster members are specially 
interesting mainly for two reasons: 1) stars belonging to the same 
cluster were born from the same initial composition, and the com- 
parison of the abundances of the chemical elements that compose 
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their atmosphere may help to characterise how diffusion works for 
different stellar masses and effective temperatures; 2) the age of 
cluster members can be determined with much higher accuracy 
than for field stars, hence a systematic study of the abundances of 
the chemical elements of F-, A- and B-type stars belonging to dif- 
ferent clusters may help to identify the characteristic time-scales of 
diffusion. 



Using several instruments (FLAMES at ESO/VLT, FIES at the 
Nordic Optical Telescope, ELODIE and SOPHIE at the Observa- 
torie de Haute Provence, and ESPaDOnS at the CHFT), we have 
obtained low, medium, and high resolution spectra for about one 
thousand stars in the fields of view of a dozen of open clusters 
with age ranging from log ?= 6.8 to 8.9, and with distance modu- 
lus between 6.4 and 14.2 (see lFossati et alj[2008al for the full list 
of observed open clusters). One of our ongoing projects based on 
these data is to perform accurate abundance analysis of early G, 
F, A, and late B-type cluster members, searching for a correlation 
between age and chemical composition of the stellar photospheres. 
Analysis of individual clusters will be used to search for correla- 
tions between chemical composition, stellar temperature and stel- 
lar rotation. This project was started with a deta iled study of the 
Praesepe cluster dFossati et al]|200l l2008b, 2010). Similar works 
erformed by other grou ps include the analy sis of Coma Bere nices 
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)erlormed by other groups include the analysis ot Coma Berenices 
.Gebran & Monierl 120081), the Pleiades jGebran et all l2008h. th e 
Hvades jGebran et alWlch and NGC 6475 dVillanova et al.l2009H . 
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The analysis of the open cluster NGC 5460 is the subject of this pa- 
per. 



2 OBSERVATIONS 

NGC 5460 is an intermediate age open cluster (log/=8.20±0.20, 

I ' II — — — l 

Ahumada & Laoasset 2007)) that includes a large number of early- 
type stars, covering a large range in stellar mass (up to about 4 M Q ). 
NGC 5460 is spectroscopically almost com pletely unstudied, ex - 
cept for a few polarimetric observations (Bagnulo et alj I20061) . 
NGC 5460 was observed in service mode with FLAMES, the multi- 
object spectrograph attached to the Unit 2 Ku eyen of the ESO/VLT , 
on May 22 2007. The FLAMES instrument jPasquini et al]|2002h 
is able to access targets over a field of view of 25 arcmin in di- 
ameter. With its MEDUSA fibers linked to the GIRAFFE spec- 
trograph, FLAMES can acquire low or medium resolution spectra 
(R = 7 500 - 30000) of up to 130 stars. GIRAFFE low resolu- 
tion spectra cover wavelength ranges of 500 up to 1200 A, while 
mid resolution spectra cover wavelength intervals of 170 - 500 A, 
all within the visible range 3700-9000 A. With the UVES fibers 
linked to the red arm of the UVES spectrograph, FLAMES can si- 
multaneously obtain high resolution spectra (R = 47 000) for up to 
8 stars, covering an interval range of about 2000 A, centred about 
5200, or 5800, or 8600 A. 

2.1 Instrument setups 

Taking into account that for the stellar parameter determination it 
is valuable to have observations of the hydrogen lines, and that the 
number of spectral lines (and the number of chemical elements 
that may be analysed) increases towards shorter wavelengths, for 
FLAMES/UVES we adopted the 520 nm setting, which covers the 
wavelength region 4140-6210 A. The telescope was guided at the 
central wavelength of this setting (5200 A). 

To minimise light losses due to the atmosphere differential re- 
fraction, for GIRAFFE we were forced to choose a setting with 
central wavelength not too far from 5200 A. We selected the HR09 
setting, which, with a resolving power of 25 900, covers the wave- 
length region 5139-5355 A. Spectra obtained with this setting 
cover lines of a number of Fe-peak elements, such as iron, tita- 
nium and chromium, in addition to the Mg triplet at AA ~ 5 167, 
5172 and 5183. UVES and GIRAFFE spectra were being taken 
simultaneously. However, due to its lower spectral resolution, the 
GIRAFFE setting required a substantially shorter exposure time 
than the UVES setting (for a given signal to noise ratio per spectral 
bin). While UVES shutter was still open, the extra-time that was 
left available for observations with GIRAFFE was used to acquire 
an additional mid resolution spectrum, using setting HR11, and a 
low resolution spectrum, adopting setting LR03. The setting HR1 1 
covers the wavelength range 5592-5838 A with a resolving power 
of 24200. Spectra obtained with this setting cover iron, sodium 
and scandium lines, where the latter are important to classify A- 
type stars as Am chemically peculiar stars. Setting LR03 covers 
the spectral range 4500-5077 A with a resolving power of 7 500. 
This setting was selected mainly to cover the H/? line, used as pri- 
mary indicator for the atmospheric parameters. As to make sure to 
avoid saturation of the brightest targets, UVES observations were 
divided into four sub-exposures, while for each of the GIRAFFE 
settings we obtained two sub-exposures. 

Our data were obtained in service mode, and the package re- 
leased to us included the products reduced by ESO with the instru- 



ment dedicated pipelines. In this work we used the low and mid- 
resolution GIRAFFE data as reduced by EScfl. Due to the high pre- 
cision required for our investigation, we decided to repeat the data 
reduction of the UVES data. For this purpose we used the UVES 
standard ESO-pipeline vers. 2.9.7 developed on the MIDAS plat- 
form vers. 08SEP patch level pi 1.1. The pipeline included all the 
main steps of calibration: bias subtraction, flat field correction and 
wavelength calibration. 

2.2 Target selection 

Our target list is the result of three selection processes. The first 
selection was performed when the FLAMES observing blocks 
were prepared. The position of the Medusa fibers was determined 
by the Fiber Positioning System Software (FPOSS), which was 
fed w ith an input catalogu e extracted from the UCAC2 cata- 
logue dZacharias et al]2004f) centred about (RA DEC) = (14:07:20 
-48:20:36). FPOSS maximises the number of observed stars, of- 
fering to the user the possibility to set different priorities to the tar- 
gets. To the input catalogue we attached a priority list based on 
information obtained from the literature. We tried to give high- 
est priority to stars of spectral type earlier than late G5, and 
they were deemed as probable cluster members. Cluster member- 
ship was originally asse s sed using the works bvlHog et all (2000) 
IKharchenko et alj d2004l) . lKharchenko et al.l d2005t) . and lDias et al.l 
(2006), all based mainly on the star's apparent proper motions. 
UVES fiber s were positioned on f our stars that, from previous lit- 
erature (e.g. lLandstreet et alj2007l) . we suspected to be chemically 
peculiar with low v sin i values. The remaining four UVES fibers 
were placed to obtain sky spectra, as requested by FPOSS. We note 
that the number of MEDUSA fibers was larger than the number 
of targets in our list of probable members, therefore we decided to 
place all remaining free fibers on targets more or less randomly se- 
lected in the instrument field of view. For this reason the final num- 
ber of observed targets was larger than our list of probable members 

After the observations were obtained, we performed a pre- 
liminary spectral analysis of all observed targets, and derived an 
estimate of the effective temperature, u sin i, and radial velocities 
(see Sect. [3) from a quick analysis of the H/? line observed with 
the GIRAFFE LR03 setting. We then considered all targets with 
7" e ff>5400K and radial velocity between -35 and 5kms~', and 
which were included in our original higher priority list because, 
based on proper motion criteria, were deemed probable cluster 
members. The radial velocity range [-35,-5] km s _1 was chosen 
based on the previously publis hed value of the mean c luster radial 
velocity (-12.70 ± 2. 18 km s~' IKharchenko et alj|2005l) and on our 
preliminary u T measurements of the observed brightest stars (con- 
sidered fiducial cluster members). Out of 104 observed targets, we 
were left with a list of 38 stars. 

Finally, we cross-checked o ur target list with th e list of proba- 
ble cluster members compiled bv lClaria et alj ( fl993l) on the basis of 
photometric measurements, and we removed another 14 stars from 
our list. In this process we considered as non cluster members also 
the stars not listed in Claria's work. Table Q] lists the targets that 
have survived our selection criteria. 

In this paper we report the spectral analysis performed on the 
24 targets of Table Q] which are cluster members according to con- 
siderations based on proper motion, radial velocity, and photom- 

1 see the FLAMES web site ihttp: //www. eso . or g/sci/facili ties/par anal/instrumen 
for more details on the reduction of GIRAFFE data. 
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Table 1. List of programme stars. The last three entries refer to SB2 stars for which no abundance analysis could be performed. The V magnitude is taken 
from lClaria et al.Hl993l) . The symbol * in the spectral type column (No. 4) means that this was inferred from our determined effective temperature. SNR (col. 
10) is the signal-to-noise ratio per spectral bin obtained with the GIRAFFE HR09/HR1 1/LR03 or the UVES 520 nm settings. 
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al. (1993) 




Sp 


Dias et al. 


Dias et al. 


Hog et al. (2000) 


Kharchenko 


14 




STAR 


ident. # 


V 


Type (2006) [mas/yr] 


(2006) [%] 


|mas/vr] 


et al. (2004) 


[kms~>] 


SNR 


HD 122983 


142 


9.87 


B9 


-5.6 ±0.9; -0.8+ 1.0 


60 


-5.3 ± l.l;-0.3 ± 1.1 


0.69/0.66/1 


-24 ±2 


159/178/213 


HD 123097 


131 


9.30 


B9 


-4.9+ 1.1; —3.1 ± 1.2 


43 


-4.6 ± 1.2; -2.4 ± 1.1 


0.90/1.00/1 


-20 ±2 


209/233/275 


HD 123182 


87 


9.88 


B9 


-5.8 + 1.1; -3.2 ± 1.2 


44 


-5.7 ± 1.2; -3.8 ± 1.4 


0.98/1.00/1 


0±4 


148/165/195 


HD 123183 


86 


10.11 


A( 


-6.6+1.3; 0.8+1.3 


58 


-6.7 ± 1.8; -0.4 ± 1.8 


0.56/0.93/1 


-19 ± 7 


144 [UVES] 


HD 123184 


SI 


9.54 


Al 


-4.9 + 0.9; 2.4 + 0.9 


51 


-4.8 ± 1.2;-3.7 ± 1.1 


0.63/1.00/1 


-15 ± 3 


195 [UVES] 


HD 123201B 


85 


9.55 


Bh 


-3.6+ 1.3; -5.4+ 1.3 


20 


-5.0 ± 1.7; -5.6 ± 1.7 


0.79/1.00/1 


-20 ±5 


199 [UVES] 


HD 123202 


79 


9.04 


B9 


-4.0+ 1.0; -1.9 ±0.9 


57 


-4.2 ± 1.1; -2.7 ± 1.1 


0.68/1.00/1 


-19 ± 11 


247/275/323 


HD 123226 


61 


9.15 


Bh 


-6.3 ± 1.2; -4.4 ± 1.1 


31 


-5.9 ± 1.6; -6.3 ± 1.5 


0.66/1.00/1 


-12± 1 


231/258/306 


HD 123269 


31 


9.55 


Bh 


-7.1 ± 1.0; -2.8 ± 1.2 


44 


-7.0 ± 1.2; -2.0 ± 1.2 


0.56/1.00/1 


-20 ±2 


185/211/243 


CD-47 8868 


141 


10.66 


Al 


-6.4 ±1.4; 2.8 ±2.4 


56 


-6.3 ±1.7; 2.4 ±1.6 


0.66/1.00/1 


-10±9 


104/116/137 


CD-47 8869 


136 


10.94 


A5» -4.9 ± 1.7; -0.6 ± 1.4 


60 


-4.6 ±1.7; 0.4 ±1.7 


0.89/1.00/1 


-1(5 ± 5 


96/106/125 


CD-47 8889 


97 


10.76 


Al 


-6.7 ± 1.4; -3.0 ±2.2 


42 


-7.9± 1.7; -5.1 ± 1.7 


0.64/0.67/1 


-19 ±4 


99/110/128 


CD-47 8905 


58 


10.78 


AO 


-5.4 ± 1.4; -3.2 ± 1.4 


44 


-5.2 ± 2.1; -3. 1 ±2.0 


0.97/0.64/1 


-18 ± 5 


100/111/131 


CPD-47 6379 


54 


10.17 


Al 








-/-/- 


-24 ±7 


120/134/158 


CPD-47 6385 


59 


10.46 


Al 


-5.3 ± 1.6; -2.5 ± 1.4 


52 


-5.3 ±2.0; -0.2 ± 1.9 


0.91/0.95/1 


-19 ±2 


123/135/162 


UCAC 11104969 


133 


12.01 


Fl< 


-6.6 ±2.1; -1.4 ± 1.7 


57 


-7.9 ±2.0; -0.6 ±2.0 


-/-/- 


-17 ±3 


58/63/76 


UCAC 11105038 


125 


11.59 


A8 


-5.3 ± 1.9; -0.2 ± 1.4 


60 


-4.8 ±1.9; 1.3 ±1.9 


■l-l- 


-20 ±4 


69/78/94 


UCAC 11105106 


89 


11.69 


A8 


-7.2 ±1.4; 0.4 ±1.4 


52 


11.1 ±2.2; 0.6 ±2.2 


■/-/- 


-16 ± 3 


66/73/82 


UCAC 11105176 


91 


11.33 


A6 


-7.4 ± 1.4; -1.0 ±2.7 


50 


-6.6 ±2.3; 1.1 ±2.2 


././. 


-17 ± 5 


78/87/104 


UCAC 11105213 


94 


11.83 


A8 


-3.8 ±2.9; -4.9 ± 1.4 


30 




-/-/- 


-21 ±3 


62/69/79 


UCAC 11105379 


36 


11.75 


A8 


-6.8 ±2.1; 2.4 ±1.4 


56 


-5.4 ±2.3; 2.1 ±2.1 


_/./. 


-21 ±2 


65/72/87 



HD 123225 


55 


9.01 


B9 


-4.9 ± 1.2; 


-2.9 ± 1.0 


52 


-6.0 ± 1.2; -2.4 ± 1.3 


0.99/1.00/1 


—2 ±11/ 


-53±2 


207 [UVES] 


CI NGC 5460 BB 338 


60 


11.80 


F* 










-/-/- 


-23 ± 6 / 


-23 ± 1 


49/55/69 


UCAC 11105152 


96 


11.55 


A* 


-2.2 ± 1.4; 


-0.1 ± 1.4 


48 






-23 ±4/ 


- 15 ± 1 


70/79/93 



etry, and have r cff >5400K. We note that some early-type cluster 
members may have been missed while preparing the observations 
(either by accident, or because outside of the instrument field of 
view), and our selection based on radial velocity has left out some 
binaries that are potentially cluster members. Therefore, Table [T] 
cannot be considered a complete list of cluster members with spec- 
tral type earlier than G5. 



3 ABUNDANCE ANALYSIS 

Model atmosphere calculations were performed with the LLmod- 
els stellar model atmosphere code dShulvaketai] 12004). assum- 
ing Local Thermodynamical Equilibrium (LTE), plane-parallel 
geometry, and mod e ling convecti on theory according to the 
Canuto & Mazzitellil J 1 99 ll . 1 19921) model of convection (see 
~2002Lfor ). We used the VALD database 

aLlll99^ : lRvabchikova et al.ll 19991) 



Heiter et al. 
i Piskunov et alj|l995l ; lkupka et 



as a source of atomic line parameters for opacity calculations. 

We derived the fundamental parameters for each analysed star 
mainly by fitting s ynthetic line profiles, calculated with SYNTH3 
(Kochukhov 2007), to the observed hydrogen lines: H/3 and Hy for 
the stars observed with FLAMES/UVES, and H/3 for the stars ob- 
served with FLAMES/GIRAFFE. FLAMES/UVES spectra cover 
each the two hydrogen lines on more than one order, therefore we 
merged the unnormalised orders before the normalisation, which 
was performed with a low degree polynomial function. The H/3 
lines, observed with FLAMES/GIRAFFE, were normalised with 
a low degree polynomial function (usually of degree 4) to carefully 
selected continuum points. Our hydrogen line normalisation was 
performed on the basis of continuum points which extend for sev- 
eral Angstroms both blueward and redward of the hydrogen line 
wings. This ensures a high quality continuum normalisation of the 



hydrogen lines, thanks also to the absence of instrumental artifacts, 
such as scattered light, which would strongly reduce the precision 
of the normalisation. 

Figure [T] shows a comparison between observed and syn- 
thetic FT/3 line profiles for seven stars of various T cff observed with 
FLAMES/GIRAFFE. 

Due to the very broad temperature range covered by the anal- 
ysed stars, the hydrogen lines were used as both temperature and 
gravity indicators, because at lower temperatures hydrogen lines 
are more sensitive to temperature variations, while at higher tem- 
peratures gravity has the larger influence. This is also reflected on 
our error bars on the fundamental parameters. 

Since with the fitting of the hydrogen line wings it was not 
always possible to derive simultaneously both T c k and logg, we 
adopted also two other spectroscopic indicators based on the anal- 
ysis of metallic lines. In particular, r cff was determined eliminating 
the correlation between line abundance and the line excitation po- 
tential Ot'excit) for a given ion/element and the surface gravity was 
determined with the ionisation balance of several elements. In par- 
ticular we adopted mainly Fe lines to derive both T e ff and logg 
from metallic lines, adopting then Ti, Ca and Si lines (the latter for 
the hotter stars of the sample) as secondary indicators. Given the 
fact that the number of measurable lines decreases with increasing 
v sin i, for stars with a high projected rotational velocity we ended 
up adopting only Fe lines. 

Non-LTE effects might play an importan t role when measur- 
ing log g by imposing ionisation equilibrium. iFossati et alj b009l) 
concluded that for solar metallicity early-typ e stars non-LTE ef- 
fects for Fe are most likely to be negligible. Mashonkina 
performed non-LTE calculations for Fe adopting the most complete 
iron model atom currently existing, and concluding that for A-type 
main-sequence stars non-LTE effects for Fel are less than 0.1 dex 
and negligible for Fell. Both Ti, Ca and Si are subject to non-LTE 
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Figure 1. Comparison between the observed H/3 line profile (thick lines) 
and synthetic line profile (thin lines) for seven stars observed with 
FLAMES/GIRAFFE. From top to bottom the stars here displayed are: 
UCAC 11104969 (r cff = 7050 K), UCAC 11105106 {T eS = 7500 K), 
UCAC 11105176 (T eff = 8100 K), CPD-47 6385 (T eS = 9350 K), CD- 
47 8868 (7/eff = 10400 K), HD 123202 (T eB = 11400 K) and HD 123226 
(r c (f = 12400 K). Profiles are vertically offset for display purpose. 



Table 2. Atmospheric parameters for the programme stars. The last six en- 
tries refer to SB2 stars for which only very few parameters could be esti- 
mated, and no abundance analysis was performed. The log g values given 
for the two components of HD 123225 are assumed and not measured, 
therefore it is not possible to give a realistic uncertainty to T c g as well. Due 
to the very few measurable spectral lines, v mic for HD 123202 is assumed. 



Star 


T e g 






v sin i 


name 


[K] 


[cgs] 


[kms -1 ] 


[kms" 1 ] 


Hn 1 99Qjn 

I 1 YJ lZi70J 


1 0700 + 900 


4 on + n 1 5 


10 + 02 


35 + 3 


1-TD 1 9^007 


1 9000 + ^00 




15 + 06 


133 + 5 


HD 19^189 

l 1 1 J 1 Z. J 1 o z. 


1 0R00 + 900 


4 25 + 15 


+ 04 


81 + 6 


HD 123183 


10900 ± 250 


4.05 ±0.15 


0.6 ±0.8 


275 ± 14 


i_rn 1 ha 
nu izjjo't 


1 OQOO -4- 9 SO 


A 9S -i- IS 


-t- A 
U.U ± XJ.^t 


£0 -4- fi 
ou + o 


HD 123201B 


11700 ±250 


3.95 ±0.15 


0.0 ±0.8 


202 ± 1 1 


HD 123202 


1 1400 ± 250 


3.70 ±0.15 


0.0 ± 1.0 


301 ± 17 


HD 123226 


12400 ±300 


4.04 ±0.10 


0.0 ±0.2 


17 ± 1 


HD 123269 


11600 ±250 


3.94 ±0.15 


0.0 ±0.2 


25 ±2 


CD-47 8868 


10400 ± 200 


4.20 ±0.15 


0.9 ±0.7 


250 ± 10 


CD-47 8869 


8400 ± 200 


3.60 ± 0.20 


1.2 ±0.7 


230 ± 10 


CD-47 8889 


10300 ± 200 


4.15 + 0.15 


0.5 ±0.6 


113 ±3 


CD-47 8905 


9700 ± 200 


4.10 ±0.20 


1.6 ±0.4 


160 ±6 


CPD-47 6379 


11000 ±250 


4.30 ±0.15 


1.7±0.6 


136 + 7 


CPD-47 6385 


9350 ± 200 


4.12 ±0.20 


1.6±0.3 


55 ±5 


UCAC 11104969 


7050 ±150 


4.00 ± 0.20 


1.4 ±0.9 


260 ± 15 


UCAC 11105038 


7650 ± 200 


4.00 ± 0.20 


3.4 ±0.4 


85 ±5 


UCAC 11105106 


7500 ± 200 


4.00 ±0.20 


2.5 ±0.6 


195 ± 10 


UCAC 11105176 


8100 ± 200 


4.00 ± 0.20 


1.8±0.4 


125 ±7 


UCAC 11105213 


7600 ± 200 


4.00 ±0.20 


1.9±0.3 


57 ±3 


UCAC 11105379 


7700 ± 200 


4.00 ±0.20 


2.1 ±0.2 


44 ±2 


HD 123225 A 


13100 ±- 


3.8 ±- 


+ 


12 + 1 


HD 123225B 


8000 ± - 


4.0 ±- 


± 


20 ±2 


NGC 5460 BB 338A 








140 ±7 


NGC 5460 BB 338B 








<11 ± 1 


UCAC 11105152A 








190 ± 10 


UCAC 11105152B 








< 11 + 1 



effects, but we considered these elements only as secondary param- 
eter indicator, giving most of the weight to what derived from Fe 
lines. 

For the cooler stars we were not able to apply the method 
based on line profile fitting of gravity-sensitive metal lines with 
develope d wings, usually adopt ed to derive log g for late-type stars 
(see e.g. iFuhrmann et alj[l997h . because the low resolution of the 
FLAMES/GIRAFFE spectra caused too heavy blending of those 
lines. 

For stars with a low v sin i (v sin i< 30 km s~ ) LTE abundance 
analysis was based on e quivalent widths, anal ysed with a m odified 
version hsvmball 1996b of the WIDTH9 code lKuruczll993h . while 
for fast rotating stars we derived the L TE abundances by l ine profile 
fitting of carefully selected lines (see lFossati et alj|2007l . for more 
details). 

The microturbulence velocity (L> mic ) was determined by min- 
imising the correlation between equivalent width and abundance 
for several ions, for the slowly rotating stars for which it was pos- 
sible to measure t he line equivalent wid ths, or following the proce- 
dure described in iFossati et all {2008b ) for fast rotators, except for 
HD 123202, for which we were not able to measure u mic , which we 
then assumed to be O.Okms -1 , with an uncertainty of l.Okms -1 . 

Both the projected rotational velocity (v sin i) and v T were de- 



termined by fitting synthetic spectra of several carefully selected 
lines on the observed spectrum. 

Table|2]lists the fundamental parameters derived for each anal- 
ysed star in NGC 5460. For some stars a preliminary spectral clas- 
sification is given here for the first time on the basis of the derived 
T e g. The uncertainties of T c g and logg, listed in Table [2] were de- 
termined from the hydrogen line fitting, our main source for the 
parameter determination, therefore the given error bars take into ac- 
count the quality of the observed spectra and the sensitivity of the 
hydrogen line wings to both T sff and logg at different temperatures. 
Table|2]also shows that the uncertainties on r cff and log g depend on 
the stellar u sin i. This is due to the fact that we also adopted metal- 
lic lines to determine the atmospheric parameters and the precision 
with which we determined the element/ion abundances decreases 
with increasing v sin (', for example because of the decreasing num- 
ber of measurable lines for each ion. 

The abundances obtained for each analysed star are shown in 
Table [3] The error bars are the standard deviations of the mean 
abundance derived from the individual line abundances, which in- 
clude also the error bar s in oscillator stren gths determination given 
for the laboratory data ( IFossati et alj |2009). 

The standard deviation of the mean underestimates the actual 
abundance error bars, since uncertainties on the atmospheric pa- 
rameters should also be taken into account. In particular for the 
fast rotating stars, the uncertainty on u m i c has a large impact on 
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the total abundance uncertainty. For two stars with very similar 
atmospheric parameters, but different vsmi values (CPD-47 6385 
and CD-47 8905) we determined the element abundances adopting 
model atmospheres for which we increased each atmospheric pa- 
rameter one at a time, by an amount representative of the whole 
sample of stars: 250 K for T e g , 0.2 for log g and 0.7 km s -1 for i> mic . 
Table[4]shows the results of this test. For the slow rotator, the abun- 
dance error bar is highly dominated by the uncertainty on T e g, while 
for the fast rotator, the uncertainty on u mic plays a crucial role. In 
both cases the uncertainty on logg is almost negligible. This test 
also shows the dependency of the abundance error bars on the lines 
selected to perform the abundance analysis: for the slow rotator the 
abundance error bars of Mg, Ti and Ba, due to the uncertainty on 
v m ic, are rather large. This is due to the fact that most of the lines se- 
lected to measure the abundance of these three elements are strong 
(e.g. the Mg triplet at AA -5167, 5172 and 5183), being therefore 
very sensitive to v mlc variations. Anyway, this effect is mitigated 
by the fact that for the slow rotators the uncertainty on i> mic is not 
as large as 0.7 km s -1 , value chosen here to perform this test. Using 
the propagation theory in Table|4]we considered the situation where 
the determination of each fundamental parameter is an independent 
process, which in reality is not true, since there is a level of corre- 
lation between the various parameters. This makes the global un- 
certainties, given in columns five and nine of Table[4] upper limits. 
In conclusi on, following the resu lts o f this test and of the ones per- 
formed bv lFossati et all d2008bh and lFossati et al.l ( 120091) . we can 
safely set a mean abundance uncertainty of 0.2 dex, for the slow 
rotators, which increases linearly with v sin i, due to the increasing 
importance of the v mlc uncertainty in the total abundance error bar 
budget. The mean abundance error bars, adopted for each star, are 
shown in the last column of Table[3] 

The impact of systematic uncertainties is different for different 
elements, but it is out of the scope of this work to go in such de- 
tails, since here we are mainly interested in general trends and only 
marginally in the detailed abundance characteristics of each sin- 
gle star, which should require spectra with much high er resolution 
and si gnal-to-noise ratio (SNR), as demonstrated by iFossati et al.l 
d2009h . 



4 THE IMPACT OF SYSTEMATIC ERRORS 

The scattering of the element abundance obtained from different 
lines provides only a lower limit for the actual error in the abun- 
dance determination. Systematic effects introduced by the normal- 
isation to the continuum, and inaccurate and logg estimates 
may have a large impact. To explore the reliability of the error esti- 
mates of Table[3]we re-analysed a nu mber of stars in a completely 
indep endent way, using the Zeeman (Landstreet 1988: lWade et al.l 
1200 lh spectrum synthesis code. This 'secondary' analysis helps to 
ensure our results and estimated uncertainties are robust. 

The Zeeman code performs polarised radiative transfer, un- 
der the assumption of LTE, using plane-parallel model atmo- 
spher es. Input LTE model atmospheres were calculated using at- 
LAS9 jKuracd[l993ri . assuming solar abundances, which are a rea- 
sonable starting point as none of the stars in NGC 5460 show ex- 
treme chemical peculiarities. Input atomic data was drawn from 
the VALD database, using an 'extract stellar' request, with effec- 
tive temperature and surface gravity tailored to the specific star, 
and solar abundances. 

Initial values for temperatures and surface gravities were 
found by fitting synthetic Balmer lines to the observations. These 
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Figure 2. Histogram of the difference of the abundances obtained with the 
secondary and the standard analysis, divided by the error bar of the standard 
analysis, listed in the last column of Table [3] The dashed lines correspond 
to a 3-<T difference. 



values were confirmed, and when possible refined, by fitting metal- 
lic lines with a range of ionisation states and excitation potentials. 
The Balmer line fitting was performed by eye, though the metallic 
line fitting was done using x 2 minimisation. 

Abundances, v sin i and L» mic were determined by fitting a syn- 
thetic spectrum to the observation, using a Levenberg-Marquardt 
X 1 minimisation procedure. This was performed for 3 segments of 
spectrum between 100 A and 500 A long in the 4500-6000 A re- 
gion. The final best fit values reported here are averages over the 
individual segments. Uncertainties are generally taken to be the 
standard deviation. For elements with less then ~ 3 useful lines, 
an uncertainty was estimated by eye, taking into account the scatter 
between lines, blending, and potential normalisation errors. 

Best fit results for the stars analysed with this method are pre- 
sented in Table [5] Figure [2] shows the histogram of the difference 
of the abundances obtained with the secondary and the standard 
analysis, divided by the error bar of the standard analysis (last col- 
umn of Table [3} . Generally the results are very consistent, with the 
abundances being within uncertainty of each other, at least within 
a 1.5cr limit. 

This secondary analysis supports also the conclusion that 
HD 123182 is chemically peculiar. A large Mn overabundance is 
confirmed, though no Sc or Hg abundances could be derived. Our 
secondary analysis confirms also that HD 123183 is a chemically 
normal star, with a very high v sin i, despite one published marginal 
magnetic field detection. In both HD 12320 IB and HD 123184 
discrepancies in wsini were again detectable for lines with high 
excitation potentials, particularly He lines. The secondary analysis 
confirms both these stars are chemically normal. 

5 RESULTS 

Our u Y measurements allowed us to derive the mean cluster ra- 
dial velocity: -17.9 ± 5.2kms~', obtained without taking into 
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Table 3. Element abundances, in \og(NxlN iot ), of the analysed cluster member stars. The estimated internal errors in unit s of 0.01 dex and the number of lines 
selected for each element are given in parenthesis. For comparison, the last row shows the solar abundances bv lAsplund et alj 120051) . Abundances obtained 
from ju st one line have no error (-;1). The column labelled as 'Uncertainty' shows the abundance uncertainty for each star, calculated following iFossati et alj 
1 2008b), and which is taken into account in the discussion of the results. 



Star 


He 


Q 


o 


Na 


Vlu 


Al 


Si 




HD 122983 


-2.00(-;l) 




-3.41(-;1) 




-5.22(-;l) 


-6.19(-;1) 


-4.41 (-;!) 




HD 123097 


-0.90(-;l) 








-4.55(36;3) 


-5.85(-;I) 


-4.54(01 ;2) 




HD 123182 


-1.48(-;1) 




-3.41(-;1) 




-4.56(0 1;2) 


-5.43(-;l) 


-4.58(09;2) 




HD 123183 






-3.40(11;4) 




-4.30(16;3) 




-4.37(19;2) 




HD 123184 


-0.90(05;3) 


-3.47(-;l) 


-3.28(01 ;3) 




-4.35(16;5) 


-5.56(-;I) 


-4.39(10;4) 




HD 123201B 


-1.00(03;6) 


-3.60(-;l) 


-3.28(-;I) 




-4.29(10;5) 


-5.70(-;I) 


-4.52(01 ;2) 




HD 123202 














-4.62(-; 1) 




HD Izizzo 


1 AO /fiC.'l\ 
- J .\>l\\)J,l) 




-3.41(U1 ,Z) 




-4.o4(Uo,J) 


-3./ /(I /,z) 


-4.63(-; 1) 


A HI/ 1 *7*aE\ 

-4. / /(I / ,o) 




-0.98(-; 1) 








A CO/ 1 £L. 1 \ 

-4.38(1o t j) 


-5.76(-;l) 


-4.42(-;l) 


-4.45(-;l) 


t^T~\ AH 

LD-4 / Bfioe 










-3.80(-;l) 




-4.52(-;l) 




CD-47 8869 




-3.50(-;l) 






-5.27(16;2) 




-4.34(-;l) 




CD-47 8889 










-4.20(06;3) 


-5.52(-;l) 


-4.52(17;2) 




CD-47 8905 










-4.03(1 I;3) 




-4.26(09 ;2) 




CPD-47 6379 










-4. 10(28;3) 




-4.77(45;2) 




LrD-4 / oi83 




-i.li{\.5,3) 






-4.Zfi(UZ,j) 


-5.35(-;l) 


-4. / l(z4,z) 




ul.a(_ i j iu4yoy 




-3.47(-;l) 






-3.1 1(JZ,Z) 




-3.58(-;l) 




t a i i i^cmo 
ULAL 1 J ILDUJo 




-J.Jn(14,J) 




o. /s(UJ,z) 


-4.8o(U/,j) 




-4. 3/(13, 5) 




UL.AC 1 J lUMUo 








-o. 1 j(Uo,z) 


-4.oz(zl ,4) 




-4.Uy(zl,z) 




ULAL 1 J ll_Dl /o 




-J.z4(U4,Z) 






-4.43(UJ, J) 




-4.21(-;1) 




UL.AL. 1 J ILDzl i 




-i.4y( 12,3) 




o.by(U4,z) 


-4.8 /(Ud.j) 




-4.Z /(13,J) 


-4.37(-;l) 


UCAC 1 1 105379 




-3.42(05;3) 




-5.84(05;2) 


-4.69(03;3) 




-4.37(09;3) 


-4.58(-;l) 


sun 


-1.11 


-3.65 


-3.38 


-5.87 


-4.51 


-5.67 


-4.53 


-4.90 


Star 


Ca 


Sc 


Ti 


v 


Cr 


Mn 


Fe 


Mi 


HD 122983 




-7.48(20;4) 


-7.37(I3;3) 




-5.27(14;19) 




-3.81(12;100) 




HD 123097 






-7.31(I0;2) 




-6.78(12;2) 




-4.60(05; 12) 




HD 123182 


-5.29(-;l) 




-6.87(08;5) 




-5.90(23;9) 


-5.19(23;9) 


-4.20(1 4;60) 




HD 123183 






-6.51(-;I) 




-5.81(01;2) 




-4.37(22;11) 




HD 123184 


-5.77(-;l) 


-9.21(-;1) 


-6.88(14;8) 




-6.15(13;10) 


-6.10(-;1) 


-4.29(14;57) 




HD 123201B 






-6.54(1 8;5) 




-5.99(14;4) 




-4.47(14;20) 




HD 123202 










-5.94(10;2) 




-4.50(07 ;5) 




HD 123226 






-7.27(-;I) 




-6.63(12;6) 




-4.75(15;54) 


-5.86(-;l) 


HD 123269 






-7.26(25 ;2) 




-6.48(13;9) 




-4.57(16;60) 


-5.76(-;l) 


CD-47 8868 






-7.04(I5;2) 




-6.40(25 ;4) 




-4.25(21;13) 




CD-47 8869 


-5.35(-;I) 


-9.68(-;l) 


-6.67(08;2) 




-6.58(11;4) 


-6.82(-;l) 


-4.50(10; 15) 




CD-47 8889 






-7.07(13;3) 




-6.16(09;5) 




-4.27(17;22) 




CD-47 8905 






-7.00(28;4) 




-6.39(10;4) 




-4.43(15;21) 




CPD-47 6379 






-7.12(22;4) 




-5.15(15;4) 




-4.20(23 ;27) 




CPD-47 6385 


-5.30(09;4) 


-8.81(04;3) 


-6.85(13;12) 




-6.04(09; 17) 


-5.99(03;2) 


-4.38(09;59) 


-5.55(30;2) 


UCAC 1 1 104969 


-5.69(17;4) 


-9.43(-;l) 


-7.48(32;5) 




-6.76(1 5;6) 


-6.34(08;3) 


-4.62(05; 12) 


-5. 65(65 ;5) 


UCAC 11105038 


-6.23(09;8) 


-9.17(19;3) 


-7.64(17;19) 




-6.50(15;16) 


-6.83(14;3) 


-5.08(13;91) 


-6.09(18;9) 


UCAC 1 1 105106 


-5.67(07;8) 


-8.56(22;2) 


-7.44(14; 10) 




-6.81(09;10) 


-6.83(08;3) 


-5.03(15;54) 


-6.04(04;3) 


UCAC 1 1 105176 


-5.86(06;4) 


-8.82(1 1;2) 


-6.97(19;7) 




-6.33(08;10) 


-6.35(17;3) 


-4.80(12;61) 


-5.74(16;5) 


UCAC 11105213 


-6.03(25; 19) 


-9.23(09;4) 


-7.16(04;13) 




-6.27(15;24) 


-6.75(22;5) 


-4.61(16;133) 


-5.67(16;15) 


UCAC 1 1 105379 


-5.89(I4;I5) 


-9.1 1(11;4) 


-7.22(05;15) 


-7.76(-;l) 


-6.39(12;22) 


-6.78(12;4) 


-4.74(I6;I29) 


-6.1 1(18;14) 


sun 


-5.73 


-8.99 


-7.14 


-8.04 


-6.40 


-6.65 


-4.59 


-5.81 


Star 


Cu 


Zn 


Sr 


Y 


Ba 


Pr 


Nd 


UncerMint 
ntei am y 


HD 122983 










-8.64(-;l) 


-7.57(20;3) 


-7.43(10;8) 


0.20 


HD 123097 
















0.26 


HD 123182 








-9.8i(-;D 


-9.09(-;l) 






0.23 


HD 123183 
















0.34 


HD 123184 






-9.34(-;l) 










0.22 


HD 12320 IB 
















0.30 


HD 123202 
















0.36 


HD 123226 
















0.20 


HD 123269 
















0.20 


CD-47 8868 
















0.33 


CD-47 8869 










-9.70(-;l) 






0.32 


CD-47 8889 
















0.25 


CD-47 8905 
















0.28 


CPD-47 6379 
















0.26 


CPD-47 6385 










-S.I7(1I;2) 






0.21 


UCAC 11104969 








-8.64(03;2) 


-8.55(-;l) 






0.34 


UCAC 11105038 










-9.18(16;2) 






0.23 


UCAC 11105106 




-6.79(-;l) 






-9.63(-;l) 






0.30 


UCAC 11105176 










-10.10(-;1) 






0.26 


UCAC 11105213 




-7.15(-;1) 




-9.64(16;3) 


-8.51(16;2) 






0.22 


UCAC 11105379 




-7.75(-;l) 




-9.87(13;2) 


-9.35(16;2) 






0.21 


sun 


-7.83 


-7.44 


-9.12 


-9.83 


-9.87 


-11.33 


-10.59 
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Table 4. Error sources for the abundances of the chemical elements of CPD-47 6385 and CD-47 8905. Both stars have very similar atmospheric parameters 
(T c jf~9500K, logg~4.1 and f m j c ~1.6kms~ 1 ), but rather different i/sin; values, as shown in the second table line. Columns 2-4 and 6-8 give the variation 
in abundance estimated by increasing by 250 K, logg by 0.1 dex, and v mK by 0.7kms~', respectively. Columns 5 and 9 give the mean error calculated 
applying the standard error propagation theory on the systematic uncertainties given in Col. 2-4 and 6-8, i.e., cr^ bn (syst.) = cr\ (T e g) + crJ bn (logg) + 

^abn 







CPD-47 6385 






CD-47 8905 








v sin (= 


55 km s 






v sin i= 


160 km s" 1 




El. 


C abn(Teff) 


0"abn(logg) 


<T abn(fmic) 


0"abn(syst.) 


& abn(Teff) 


0"abn(lOg g) 


0"abn(fmic) 


0"abn(syst.) 




(dex) 


(dex) 


(dex) 


(dex) 


(dex) 


(dex) 


(dex) 


(dex) 


C 


0.15 


-0.04 


-0.01 


0.15 










Mg 


0.21 


-0.07 


-0.15 


0.27 


0.31 


-0.07 


-0.28 


0.42 


Al 


0.00 


0.06 


-0.03 


0.07 










Si 


0.09 


-0.03 


-0.04 


0.10 


0.05 


-0.01 


-0.06 


0.08 


Ca 


0.25 


-0.04 


-0.09 


0.27 










Sc 


0.14 


0.04 


-0.03 


0.15 










Ti 


0.08 


0.01 


-0.17 


0.19 


0.17 


0.05 


-0.31 


0.36 


Cr 


0.13 


0.03 


-0.08 


0.16 


0.17 


0.06 


-0.19 


0.26 


Mn 


0.23 


-0.01 


-0.03 


0.23 










Fe 


0.13 


0.00 


-0.08 


0.15 


0.09 


0.04 


-0.16 


0.19 


Ni 


0.10 


-0.03 


0.00 


0.10 










Ba 


0.26 


-0.07 


-0.48 


0.55 











Table 5. Best fit parameters from the comparison analysis with Zeeman. Chemical abundances are in units of \og(NxlN m ). Elements marked with an asterisk 
are based on less than ~ 3 useful lines and have uncertainties estimated by eye. 





HD 123182 


HD 123183 


HD 123184 


HD 123201B 


HD 123226 


CPD-476379 


CPD-476385 


7W [K] 


10800 ± 300 


10500 ± 700 


10900 ± 120 


12000 ±450 


12140 ± 160 


10100 ±300 


9360 ± 150 


logg [cgs] 


4.25 ± 0.2 


4.3 ± 0.3 


4.35 ±0.2 


4.2 ±0.3 


4.27 ±0.1 


4.15 ±0.2 


4.12 ±0.2 


i/sini [kms~' 


] 81 ±4 


270 ± 15 


63.1 ± 1.5 


203 ±6 


18.1 ± 1.0 


140 ± 8 


56.1 ±2.5 


Wmic [kms -1 ] 


~0 


~ 


0.4 ± 0.22 


~ 


0.5 ±0.5 


1.02 ±0.45 


1.8 ±0.2 


Vr[kms _1 ] 


-1 ±6 


-18 ±20 


-14 ±1 


-25 ± 13 


-12 ± 1 


-30 ±3 


-21 ± 1 


He 


-1.48 ±0.4* 




-0.9 ± 0.2 * 


-1.05 ±0.2* 


-0.9 ± 0.2 * 






C 






-3.4 ±0.2 * 










o 


-3.54 ±0.1 


-3.5 ±0.2 * 


-3.3 ±0.12 


-3.45 ± 0.2 * 


-3.57 ±0.2* 


-3.4 ±0.21 


-3.3 ±0.15 * 


Na 














-5.48 ± 0.2 * 


Mg 


-4.5 ± 0.2 


-4.9 ± 0.4 * 


-4.56 ±0.14 


-4.49 ± 0.24 


-4.87 ± 0.06 


-4.47 ±0.17 


-4.40 ± 0.05 


Al 


-6.1 ±0.5 * 




-5.6 ±0.2* 


-5.85 ± 0.4 * 


-5.65 ±0.15 


-5.68 ± 0.3 * 




Si 


-4.7 ± 0.2 


-4.5 ± 0.2 * 


-4.4 ±0.11 


-4.71 ±0.27 


-4.57 ± 0.08 


-4.85 ±0.15 * 


-4.59 ±0.1 * 


S 






-4.4 ± 0.3 * 




-4.92 ± 0.3 * 






Ca 


-5.68 ±0.4* 




-5.52 ±0.27 






-5.67 ± 0.3 * 


-5.45 ±0.15 


Sc 






-8.8 ±0.1 






-8.48 ±0.2* 


-8.81 ±0.09 


Ti 


-6.88 ±0.1 


-7.3 ± 0.4 * 


-7.16 ±0.12 


-7.26 ±0.15 


-7.4 ±0.1 


-6.87 ±0.08 


-6.88 ± 0.06 


V 






-8.4 ± 0.4 * 










Cr 


-6.24 ±0.1 


-6.9 ±0.4* 


-5.99 ±0.11 


-6.67 ± 0.2 


-6.53 ± 0.05 


-5.53 ±0.11 


-6.21 ±0.14 


Mn 


-5.52 ±0.1 




-6.4 ±0.3 * 




-6.72 ± 0.3 * 






Fe 


-4.31 ±0.1 


-4.4 ± 0.2 


-4.41 ±0.14 


-4.66 ±0.19 


-4.73 ± 0.05 


-4.16 ±0.05 


-4.35 ±0.15 


Ni 
















Cu 
















Zn 
















Y 






-9.6 ± 0.4 * 








-9.19 ±0.4* 


Ba 






-9.6 ± 0.4 * 








-8.85 ± 0.4 * 



account the double line spectroscopic binaries (SB2) stars. This 
value agrees rather well with -12.70 ± 2. 18kms~', published by 
Kharchenko et all J2005t) . in particular taking into account that the 
latter value is the average of the u r of only three stars. 

We cannot exclude that some of the analysed stars are single 
line spectroscopic binaries (SB1), but this was impossible to estab- 
lish with the available spectra. 



In the following we describe more in detail the results obtained 
for the most interesting objects. 



5.1 HD 122983 

The star HD 122983 was observed bv lBagnulo e t al. (2006) to mea- 
sure the longitudinal magnetic field, but no field was detected. The 
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abundance pattern shows that HD 122983 is a He- weak star, but it 
was not possible to determine the kind of chemical peculiarity (e.g. 
HgMn star). Manganese lines are too shallow to be measured and 
none of the covered mercury line is visible. A spectrum covering 
the spectral region around 3900 A would b e extremely valuable t o 
detect the presence of Hg overabundance (Hubrig & M athvsll996h . 
We looked also for the overabundance of elements characteristic of 
HgMn stars, such as P and Xe, but without results. 



5.2 HD 123182 

The abundance pattern of HD 123182 reveals that the star is most 
likely a mild He-weak star, in particular it could be a hot Am star 
or a cool HgMn star. Sc lines are too weak to be measurable, so 
it is not possible to say whether it is underabundant or not. The 
not extreme overabundance of Cr and Fe (as expected for the rather 
high v sin ('), and the fact that Hg, P and Xe are not visible (although 
lines would be covered) are in agreement with an Am classification. 
On the other hand the clear Mn overabundance would tend more 
to a HgMn classification. On the basis of the available data we can 
only conclude that HD 123 1 82 is a He-weak star of an unclear type. 
This star could also be a single line spectroscopic binary, due to the 
high radial velocity, compared to the one of the other cluster stars. 




i i i i i i i i 

4850 4855 4860 4865 4870 



wavelength (A) 

Figure 3. Fit of the observed H/3 line profile for HD 123225. The red line 
shows the observed spectrum, while the dashed and dotted lines are the 
synthetic spectra of the two components assuming T c ff and log g of 1 3 1 00 K 
and 3.8 for the hotter star and 8000 K ad 4.0 for the cooler star. The black 
solid line shows the sum of the two synthetic spectra. 



5.3 HD 123183 

The st ar HD 123183 was observed with FORS1 bv lBagnulo et all 
J2006h who published a marginal magnetic field detection of (Bz) = 
-440 ± 146 G. The abundance pattern does not reveal any chemical 
peculiarity that could strengthen this detection. The very high v sin i 
of 275 ±14 km s~ also goes against a classification of this object as 
chemically peculiar. For this reason we conclude that HD 123183 
is a chemically 'normal' early-type star. Given the very high v sin j, 
it would be very valuable to perform new magnetic field measure- 
ments. 



addition to evidences of Hg lines, allowing to conclude that the pri- 
mary component is a HgMn star. This conclusion is strengthened 
by the fact that we found several strong lines of both Ne, P and Xe, 
typical of HgMn stars. For the secondary star it was not possible to 
determine whether it shows Am chemical peculiarities since the Sc 
lines are too shallow to be visible. In any case, the fact that the star 
seems to have Fe lines compatible with a solar iron abundance, let 

us believe that the secondary component is not an A m star. 

HD 123225 was observed with FORS1 by iBagnulo et all 
d2006l) and no magnetic field was detected. 



5.4 HD 123225 

The FLAMES/UVES observations of HD 123225 revealed that this 
is a SB2 system, where both components appear to have a rather 
low v sin i . The spectral lines of the two components are well sep- 
arated: v t of the first component is ~ -2 km s , while t/ r of the 
second component is 53kms~'. With only one available spec- 
trum it was not possible to perform a precise abundance analysis, 
but the large separation of the two components allowed to roughly 
estimate their r eff : 13100 K for the primary and 8000 K for the sec- 
ondary star. These values were obtained from a fit of synthetic spec- 
tra on the observed HB profile (see Fig. [3}, taking into account the 
expected relative difference in flux due to the different stellar radii 
of the two components and assuming that both are main sequence 
stars (log g was set to 3.8 for the hotter star and to 4.0 for the cooler 
star). 

The vsini value of the primary star is — 11 kms~', while for 
the secondary star we derived a vsini value of ~20kms~'. Given 
the roughly determined r cff of the two components and their v sin i, 
it is possible that both stars developed chemical peculiarities and in 
particular HgMn peculiarities for the primary star and Am peculiar- 
ities for the secondary star. To reveal whether HgMn peculiarities 
are present in the primary star, we looked for typical signatures 
present in HgMn stars. The spectrum reveals strong Mn lines in 



5.5 HD 123201B and HD 123184 

The stars HD 123201B and HD 123184 are both chemically 'nor- 
mal' early-type stars and share the common property of showing 
a different v sin i for the high ^ exc i, lines, compared to the other 
spectral lines. The v sin; of HD 123201B, measured on low^excit 
lines, is ~202kms~', while He lines are best fit with a vsini of 
~150kms~'. The same occurs for HD 123184, for which vsini is 
~60kms~', but He lines are best fit with a u sin i of ~50km s _I . 

Figure [4] shows the comparison between the observed spec- 
trum and two synthetic line profiles with v sin i = 60 and 50 km s -1 
in the region of the Fell line at ~5018 A and of the Hel multiplet at 
~ 5875 A for HD 123184. The plot shows that for the Hel multiplet 
the adopted stellar v sin i of 60 km s~'is far too high, while a v sin i 
of 50 km s~ is necessary to fit the observed line profile. In contrast, 
the region around the Fell line shows that a v sin i of 60 km s~ is 
required to fit this line. For both stars the He abundance was mea- 
sured with the v sin i determined for the He lines. 

This effect is most likely a consequence of the fact that both 
stars are fast rotators with a rather small inclination of the rotation 
axis relative to the line of sight, leading to a temper ature differ- 
ence b etween the poles (hotter) and the equator (cooler) ( von Zeipel 
1 1924b . 
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Figure 4. Comparison between the observed spectrum (thin line) and syn- 
thetic spectra calculated with vsini = 60 km s~ 1 (thick line) and v sin i = 
50kms~' (thick dashed line) in the region of the Fell line at ~5018 A (left 
plot) and of the Hel multiplet at -5875 A (right plot), forHD 123184. 



5.6 UCAC 11105038 

This is an A-type star with a v sin i of 85+5 km s and a relatively 
high u mic of about 3.4 km s~ . Both v sin i and L> mic could indicate a 
possible Am che mical peculiarity of this star, in p articular v sin i is 
below 90kms~' I Charbonn eau & Michaudlll99lh. and t / mif . is typ- 
ical of Am stars l lLandstreetll 19981 ; iFossati et alil2008bl) . Both Ca 
and Sc abundances are below the solar values, as well as the Ba 
overabundance is indicative of Am chemical peculiarities, but the 
underabundance of the Fe-peak elements goes against an Am clas- 
sification. 



6 DISCUSSION 

6.1 Abundance patterns in NGC 5460: from F- to B-type 
stars 

Figure[5]shows the comparison among the mean abundance pattern 
obtained for B-, A- and F-type stars here analysed and considered 
members of the cluster. The error bars are the standard deviation 
from the mean abundance. In the whole sample, after the assign- 
ment of the cluster membership and binarity, only one F-type single 
star, UCAC 11104969, was left in the sample, therefore the mean 
abundance of the F-type stars corresponds to the abundance pattern 
of UCAC 11104969. 

Figure [5] shows that the three abundance patterns are quite 
similar and concentrated around solar values except for a sul- 
fur overabundance, which cannot be ascribed to non-LTE effects 
jFossati et alj|2007h . and for an apparent Am peculiarity of some 
elements in UCAC 11104969, excluded by the high usini value 
(260±15kms~ I ). 

An important result of this work is the estimation of the cluster 
metallicity (Z), spectroscopically never measured before. For the 
elements that most affect Z, such as C, O, Si, and Fe, we registered 
a rather good agreement among the three stellar types, with the 
exception of the Si abundance of UCAC 11104969ij, which was 
not taken into account in the determination of Z. Since the cluster 

2 the star has a high v sin i and the Si abundance was derived only from one 
line, making the Si abundance value rather uncertain 



1.2 



7i 1 

O 0.6 



a 0.2 



3-0.2 
•73 -0.4 

e 

5 -0-6 



































L 


*, _ 




o 
□ 


A 
B 
1 


lyper slars 
lype slars 




























i 








lyptf slars 




































































c 


3 ' 
















C 


) 








































r 


' 






o 


i 


I 
















" 1 c 


u 








) 


- t 




f 




t 
1 


1 


; ■ 


i 

h 






( 


) 
















- L 

: - 


j 


(. 




) 












j- 
































N 


I 


i 








c 


5 


























\ 







































































































He C O Na Mg Al Si 



S Ca Sc Ti V 

element 



Cr Mn Fc Ni Zn Sr Y Ba 



Figure 5. Comparison between the mean abundances obtained for B-, A- 
and F-type stars indicated by an open square, circle and triangle respec- 
tively. The error bars are the standard deviations from the calculated mean 
abundances. The abundance patter of the mean F-type stars is corresponds 
to the abundance pattern of UCAC 11104969, since it is the only F-type 
stars of the sample with measured abundances. 



metallicity should be calculated on the basis of the abundances of 
the cool stars (more mixed) and that only one F-type star is present 
in our sample, we decided to derive Z from the mean abundance of 
UCAC 1 1 104969 and of the A-type stars with T cff < 8500 K. 
The cluster metallicity (Z) is defined as follows: 

Z a > 3 m a 10 I '>«<><> 



(i) 



where a is the atomic number of an element with atomic mass 
m a . Making use of the mean abundances, we derived a metallic- 
ity of Z = 0.014 ± 0.003, consistent with the sola r Z (Z=0.012 
lAsplundetai1l2005t) . adopting solar abundances bv lAsplund et al.l 
j2005h for all elements that were not analysed. 

The Z value adopted by several other authors and used to char- 
acterise isochrones is calculated with the following approximation: 



(2) 



assuming Z o =0.019, whic h is favored by the theor etical stellar 
structure models based on dAnders & Grevessel Fl989) solar abun- 
dances. We recalculated the Z value of NGC 5460, according to 
this approximation, obtaining Z = 0.013^"™, only about con- 
sistent with a solar metallicity. This value was derived from the 
mean Fe abundance of the seven stars taken into account ([Fe/H] 
= -0.18±0.22dex). We believe that a solar metallicity would be 
anyway more appropriate for NGC 5460. The Fe underabundance 
of -0. 18dex is biased by two stars (out of a sample of seven) 

which show a considerable underabundance ([Fe/H] 0.46 dex). 

On the other hand, for the other five stars the iron abundance is 
[Fe/H]=-0.06±0.12dex, which leads to Z = 0.017+^, that, given 
the uncertainties, is perfectly consistent with a solar metallicity. In 
addition, Fig.|5]shows that the mean Fe abundance of the analysed 
cluster stars is well centered around the solar value. 



6.2 HR diagram 

With the obtained effe c tive t emperatures and the magnitudes pro- 
vided by Idaria et"aT, I dl993l) . we built the Hertzsprung-Russell 
(HR) diagram of the cluster (Fig. [6J, adopting a distance modu- 
lus of 9.44 mag, a reddening of 0.092 mag (both values given by 
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log(T ef( ) 

Figure 6. Hertzsprung-Russell diagram of NGC5460. The crosses and 
rilled circles show the position on the HR diagram for the chemically pecu- 
liar and chemically normal stars, respectively. The error bar in luminosity 
is 0.10 dex. The full and dotted lines show isochrones from Mari go et alj 
<2O08l) for an age of log t = 8.20 with solar metafficity (Z = 0.019) and Z = 
0.013, respectively. The short dashed, thin dot-dashed line and long dashed 
line show solar metallicity isochrones of three different ages: log( = 8.10, 
8.25 and 8.30, respectively. 



Table 6. log L/Lq, logT^, M/M Q and fractional age (r) with associated 
error bars for the stars of the NGC 5460 open cluster. 



Star 


log L/L e 


logoff 


M/M 


r 


HD 122983 


1.88 


4.029 


2.76 ±0.14 


0.37 ±0.15 


HD 123097 


2.25 


4.079 


3.40 ±0.17 


0.67 ±0.27 


HD 123182 


1.89 


4.033 


2.80 ±0.14 


0.38 ±0.16 


HD 123183 


1.80 


4.037 


2.73 ±0.14 


0.36±0.15 


HD 123184 


2.06 


4.037 


3.02 ±0.21 


0.48 ±0.19 


HD 123201B 


2.10 


4.068 


3.17 + 0.16 


0.55 ±0.22 


HD 123202 


2.33 


4.057 


3.45 ±0.24 


0.70 ± 0.28 


HD 123226 


2.35 


4.093 


3.60±0.18 


0.79 ±0.32 


HD 123269 


2.11 


4.064 


3.15 + 0.16 


0.54 ±0.22 


CD-47 8868 


1.50 


4.017 


2.30±0.16 


0.22 ±0.09 


CD-47 8869 


1.25 


3.924 


1.94 ±0.14 


0.14 ±0.05 


CD-47 8889 


1.47 


4.013 


2.35 ±0.16 


0.23 ±0.09 


CD-47 8905 


1.41 


3.987 


2.20 ±0.11 


0.19 ±0.08 


CPD-47 6379 


1.76 


4.041 


2.71 ±0.14 


0.35 ±0.14 


CPD-47 6385 


1.52 


3.971 


2.27 ±0.16 


0.21 ±0.09 


UCAC 11104969 


0.72 


3.848 


1.48 ±0.07 


0.06 ± 0.03 


UCAC 11105038 


0.92 


3.884 


1.66 ±0.08 


0.09 ± 0.04 


UCAC 11105106 


0.88 


3.875 


1.60 ±0.08 


0.08 ±0.03 


UCAC 11105176 


1.06 


3.908 


1.78 ±0.09 


0.11 ±0.04 


UCAC 11105213 


0.80 


3.881 


1.59 ±0.08 


0.08 ±0.03 


UCAC 11105379 


0.88 


3.886 


1.64 ±0.08 


0.08 ±0.03 



WEBDA, Mermillod & Paunzenll2003» . and the bolometric correc- 
tion from lBalondJl994h . 

Luminosities are listed in Table [6] With a distance modulus 
uncertainty of 0.20 mag, an uncertainty in the bolometric correc- 
tion of about 0.07 mag, and a reddening uncertainty of 0.01 mag, 
we estimate the typical uncertainty in M^oi being about 0.28 mag, 
corresponding to an uncertainty in log L/L Q of about 0.10 dex. 

Two stars of our sample, HD 122983 an d HD 123183, are in- 
cluded in the work bv lLandstreet et ail J2007l) and there is a good 
agreement between the obtained log L/L Q and M/M G values, where 
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Al and Si as a function of T s g for B-type stars (open squares), A-type stars 
(open circles), F-type stars (open triangles) and He-weak stars (crosses). 



the small differences are due to the adoption of a different source 
for the stellar m agnitudes. We adopted the ma gnitudes given by 
IClaria et al.Ul993h , whilelLandstreet et aljj2007h adopted the mag- 
nitudes published bv lClarial dl97 ll) . 

Figure [6] shows that assuming a metallicity of 0.013 would 
have little impact on the estimate of the cluster age, but just of 
the cluster distance, decreasing it by about lOOpc. Therefore, we 
can safely conclude that the distance of the cluster is within the 
range 670-770 pc. Out HR diagram allows also to better constrain 
the cluster age. The age of the solar metallicity isochrone fitting 
the cluster main sequence is logr=8.10, which we can then con- 
sider as the minimum cluster age. The maximum age instead de- 
pends strongly on which stars of the upper main sequence are blue 
strugglers. If none of our analysed cluster stars is a blue struggler, 
the maximum cluster age is most likely to be log?=8.25, while 
if HD 123226 (the hottest star in our sample) is a blue struggler 
the maximum cluster age is more likely to be log/=8.30. On the 
basis of these considerations, our best estimate of the cluster age 
is log f= 8.20±0.10, in comparison to log f=8.20±0.20 previously 
given by Ahumada & Lapassejj J2007lh . 



6.3 Abundances vs. r eff and v sin i 

From Fig. [7] to Fig. [9] we display the abundances of chemical ele- 
ments versus T eff . 

For some elements, such as Mg and Fe, it is possible to no- 
tice a correlation of the abundances with T^, with an abundance 
increase with r cff up to r cff ~ 10500 K and an abundance decrease 
for higher temperatures. A linear fit shows that these correlations 
are significant for both Mg and Fe (see Table[7). 

These correlations could in principle not be real, but due to 
other factors, such as v mic , logg and v sin i. We excluded that both 
v m ic and logg produced such trends, since the abundance uncer- 
tainties take into account the v mic uncertainty, and the effect of 
logg variations on the abundances is much smaller than the de- 
viations obtained here. In addition, we did not find any clear cor- 
relation between the abundances and v sin i, as shown in Fig. [TO] 
except for a decreasing Ba abundance with increasing u sin i up to 
v s in/ values of about 125kms -1 , in agreement with predictions 
bv lTurcotte & Charbonneai] dl993l) . We find also unlikely that our 
LTE approximation could be the source of the abundance correla- 
tions with T e g, since for both Mg and Fe the expected non-LTE 
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Figure 8. Same as Fig. [7] but for Ca, Sc, Ti and Cr. 
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Figure 9. Same as Fig.[7] but for Mn, Fe, Ni and Ba. 



corrections are small JPrzvbilla et alj200ll : lFo"ssati et al]2009h and 
their dependence on T eS is not expected to be as pronounced as 
shown by our results. 

As further check for the obtained abundance correlations 
with r eff , we looked for similar trends in other consistently 
analysed sample of star s covering a large temperature range. 
lErspamer & Northl (2003) analysed the spectra of 140 A- and F- 
type stars, present in the ELODIE archivqj, obtaining for each star 



http://atlas.obs-hp.fr/elodie/ 



Table 7. Correlations and relative uncertainties of the Mg and Fe element 
abundance as a function of T e g, in two temperature ranges: T c ff < 10500 K 
and T e ff> 10500 K. The last two rows show the correlations obtained for Mg 
and Fe from the Erspamer & North 1 2003) data. 



Element 




slope 


C" slope 




Mg 


<10500K 


3.04xl0~ 4 


0.42x10" 


-4 


Mg 


>10500K 


-1.71X10" 4 


1.08x10" 


-4 


Fe 


<10500K 


1.88xl0" 4 


0.47x10" 


-4 


Fe 


>10500K 


-4.03X10 -4 


0.82x10" 


-4 


Mg 


<10500K 


7.23xl0~ 5 


1.80x10" 


-5 


Fe 


<10500K 


1.21xl0~ 4 


0.21x10" 


-4 
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Figure 10. Abundances relative to the Sun lAsplund et al.1120051) as a func- 
tion of v sin (' for B-type stars (open squares), A-type stars (open circles), 
F-type stars (open triangles) and He-weak stars (crosses). 



fundamental parameters and abundances of several elements. Fig- 
ure QT] shows a comparison betwe en the results we obtai ned in 
NGC 5460 and what published by lErspamer & Northl d2003l) for 
Mg and Fe. 

We register an agreement for both elements, in particular for 
Fe (see Table [7]l, altho ugh the trends appear les s pronounced in 
the results published by lErspamer & North (2003). Unfor tunately 
the sample of stars analysed by lErspamer & Northl d2003l) did not 
cover stars with temperatures higher than 10500 K, so that it was 
not possible to check the presence of the abundance drop, present 
in our results. 

Diffusion processes could be responsible for the obtained 
abundance correlations with T e g. With the increase of the effec- 
tive temperature the hydrogen and helium ionisation zones shift 
more and more towards the stellar surface, and as a consequence 
they become thinner and less turbulent. In this way diffusion pro- 
cesses become more and more effective. For example, it is well 
known that Ba is overabundant in early-type stars, which is a 
clear signatur e of an influence of diffusion even in chemically 
normal stars dFossatietai]|2009l) . Another example is the pres- 
ence of a correlation between strontium and oxygen or strontium 
and magnesium, obtained f or chemically normal B-type stars by 
Hempel & Holwegerl J2003h (strontium is radiatively driven out- 
wards, Mg and O sink down). 

The efficiency of diffusion process es is reduced by rotation. 
In par ticular, simulations carried out by iTurcotte & Charbonneaj 
dl993l) show that for rotational velocities higher than 125 km s 
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Figure 11. Co mparison between the resu lts obtained in this work (upper 
panels) and by Erspamer & North ( 2003) (lower panels), for Mg (on the 
left side) and Fe (on the right side). B-type stars are denoted with open 
squares, A-type stars with open circles, F-type stars with open triangles and 
He-weak stars with crosses. 



For each star of the sample we derived photometrically 
log L/L Q and, adopting the spectroscopic temperatures derived for 
the abundance analysis, we built the HR diagram of the cluster. 
Fr om a comparison bet ween the cluster HR diagram and isochrones 
bv lMarigo et al.l J2008h we obtained that the cluster distance lies in 
the range 670-770 pc and that the cluster age is log r=8.20 ± 0. 10, 
where the maximum age depends anyway on which stars of the 
upper main sequence are blue strugglers. 

We plotted the abundances of the elements analysed in most 
of the stars of our sample as a function of vsini and T e g, We did 
not find any clear abundance trend with respect to u sin i, except 
for barium, for which we register a decrease of the abundance with 
increasing u sin i, up to a v sin i of about 125 km s~ . For some el- 
ements, particularly Mg and Fe, we found trends between abun- 
dance and r cff ; their abundances increase up to a r cff value of 
about 10500 K, then decrease with increasing r cff . This abundance 
trend is marginally presen t also in the sample of stars analysed by 
lErspamer & Nortfi J2003I) . but their results do not cover the hot- 
ter region, where we found the abundance decline. We suggest that 
these trends might be signatures of diffusion in early-type stars. 



the envelope is completely mixed. This would suggest that correla- 
tions between abundances of diffusion indicator elements (such as 
Sr, O, Mg, and Ba) and u sin i should be obtained even for chemi- 
cally normal star. But correlations between abundance and v sin i 
are not found here, except for Ba, one of the diffusion indica- 
tors, for which the abundance decreases mildly with v sin i, up to 
v sin i values of ~ 125 km s~', in agreement with what predicted by 
iTurcotte &"c harbonneaul Jl993h . Probably a much larger sample 
of stars, which includes chemically normal low v sin i stars could 
show the presence or not of these correlations. 



7 CONCLUSIONS 

We obtained low and mid-resolution spectra of several stars in the 
field of the NGC 5460 open cluster with the FLAMES spectrograph 
at the ESO/VLT, and we selected 24 probable cluster members with 
Tgg> 7000. This cluster was never previously spectroscopically 
studied. 

We calculated the fundamental parameters and performed a 
detailed abundance analysis for all the stars of the sample, ex- 
cept for three objects (HD 123225, CI NGC 5460 BB338, and 
UCAC 11105152), which turned out to be double line spectro- 
scopic binaries. Two stars, HD122983 and HD 123182, are He- 
weak stars, and we suspect that the hotter component of the 
HP 123225 SB2 sy stem is a HgMn chemically peculiar star. 
Bagn ukTet al.l |2006) obtained a marginal magnetic field detection 
for HD 123183, but the star has remarkably high vsini for an Ap 
star, and no clear chemical peculiarities. 

The mean abundance pattern obtained for B-, A- and F-type 
stars considered members of the cluster concentrate around so- 
lar values. We determined the cluster metallicity from the cooler 
stars of our sample (r cff <8500 K). The resultant metallicity is Z = 
0.014 ± 0.003. We rederived Z also from the mean iron abundance 
([Fe/H]= -0.18 ± 0.22 dex), adopting the approximation given in 
Eq.f2] obtaining Z = 0.013^ ™. We believe anyway that this metal- 
licity is underestimated, due to two stars of the sample which show 
a particularly low iron abundance, and, without taking into account 
these two objects, the metallicity turned out to be almost solar (Z = 
017+ 0005 ) 
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